restoring the physiologic anatomy, face transplantation restores upper airway functions, including those of warming up, humidifying, and clearing of germs and bacteria from intake air.
The nose is the first anatomical boundary for inhaled air. Nasal obstructions enforce mouth breathing, which generates up to 2.5 times higher resistance. 2 Sinusitis, obstructive sleep apnea, chronic daytime sleepiness, and nonrestorative sleep are associated with nasal obstruction or increased air resistance. [3] [4] [5] Patients with nasal occlusion or complete absence of the nasal passage suffer from hyperventilation, vagally stimulated cardiac changes, and decrease in peripheral oxygen saturation. [6] [7] [8] [9] Some face transplantation candidates present with loss of the external nose such that the turbinates or, in more severe cases, the naked nasal cavities are exposed. 1 This scenario is the opposite of that of nasal obstructions, in that the entrance for incoming air is enlarged and there is decreased resistance, allowing for a high inflow of air that is just as harmful in that it causes drying of the epithelium that leads to crusting and infection. 10 The upper and lower respiratory tracts are unified and interdependent on each other. 11 Regardless of the pathologic condition for upper airway dysfunction, there is a common sequela on presentation, which is that incoming air cannot be sufficiently warmed up and humidified. Nasal receptors, which trigger spontaneous ventilation, become inactivated, leading to apneic episodes and hypoxia. 12, 13 An intact airway is crucial to the function of innate immunity, as respiratory epithelia are the first point of contact for foreign bodies. These cells help to clear debris, allergens, viruses, bacteria, and fungi. With activation of the innate immune system, many cytokines, interferons, and other signaling molecules help to clear potential threats.
14 Recent studies highlighted the role of the upper airway in the development of asthma and chronic obstructive pulmonary disease. 15, 16 These immunoprotective aspects of the airway function gain even more importance for face transplant recipients, who must submit to lifelong immunosuppression, with its associated high risk of opportunistic infections. 17 We hypothesize that restoration of the airway in patients who undergo face transplantation provides improved oxygenation and innate immune function of the upper respiratory tract. We present changes observed in the airways of four patients who underwent face transplantation at Brigham and Women's Hospital. We provide information regarding (1) the airway volumes before and after transplantation, (2) the creation of nasal passages through face transplantation, (3) the removal of tracheostomy tubes after face transplantation, and (4) the functional status of mucosa from a transplanted airway lining. These patients had all suffered from traumatic accidents that caused massive loss of facial tissues 46, 28, 113, and 27 months, respectively, before face transplantation. The face transplantation operation has been described previously, 1, [18] [19] [20] inclusive of techniques and early outcomes. Patient 1 underwent central face transplantation, 19 whereas patients 2 through 4 underwent full facial allografting.
PATIENTS AND METHODS

Patients
1
Review of Clinical Data
All patients underwent clinical examination before and after face transplantation, with special focus on the upper airway. Medical history of respiratory infections and sleep disorders was reviewed.
Scan Retrieval
Under Partners Human Research Committee protocol 2008P000550, one pretransplant and one posttransplant craniofacial computed tomographic scan were obtained for all four face transplantation patients. The pretransplant scans were obtained at 6, 9, 6, and 5 months before face transplantation and the posttransplant scans were obtained at 6, 6, 10, and 7 months after transplantation for patients 1, 2, 3, and 4, respectively. The scans were downloaded from a clinical database at the Brigham and Women's Hospital. A total of eight computed tomographic scans were downloaded (two per patient) for analysis. For each of the four patients, the scans were matched in terms of airway resolution before and after transplantation to facilitate further analysis. For patient 4, two additional computed tomographic scans were downloaded that were performed 1 month before and 1 month after correction surgery of an interfering nasal septum. This surgery was performed 27 months after face transplantation, because of progressive sinusitis.
Airway Measurement
For each of the four patients, pretransplant and posttransplant airways were measured using Dolphin Imaging software (Dolphin Imaging &
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Plastic and Reconstructive Surgery • December 2014 Management Solutions, Chatsworth, Calif.). The software can automatically detect continuous air space within a given cavity. For the purpose of these measurements, airways included the nasal cavities, oral cavity, and sinuses superiorly. The inferior axial plane of the airway limit was defined by the superior aspect of the hyoid bone anteriorly, and by the superior cervical vertebra 4 posteriorly. For patient 3, a prosthetic nose that can be seen in the scans was not included as part of the airway. Each set of pretransplant and posttransplant airways was measured using scans with equal computed tomographic slice thickness to ensure reliability.
Airway Analysis
The change in posttransplant airway volume compared with pretransplant airway volume was calculated for each patient and given as a percentage. A paired t test was performed to determine the significance of the average airway percentage change at an alpha level of 0.05. The 95 percent confidence interval for both mean ratios of airways was calculated. In addition, qualitative improvements in airway function were assessed independent of the airway volume changes.
Transmission Electron Microscopy of Nasal Respiratory Mucosa
Video-assisted biopsy specimens were taken during nasopharyngoscopy from the nasal cavity of patient 1, 48 months after face transplantation, and processed for transmission electron microscopy. Samples were immersed in Karnovsky II fixative, sectioned, and fixed overnight. Subsequently, samples were rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) and fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer. After dehydration in graded ethanol solutions, specimens were embedded in Epon. Finally, 1-μm-thick sections were prepared with an ultramicrotome and stained with uranyl acetate and lead citrate, and examined with a JEOL JEM-1010 electron microscope (JEOL, Tokyo, Japan) over a direct magnification range of 33,000× to 380,000×.
RESULTS
Clinical Examination
The pretransplantation appearance of the noses of patients 1 through 4 is depicted in Figures 1 through 4 , respectively. Before face transplantation, patients 1 and 3 presented with a naked nasal cavity and the turbinates, respectively. Patients 2 and 4 had complete occlusion of both nostrils and thus no nasal passage. Patient 3 wore a prosthetic nose. Tracheostomy tubes were necessary in patients 2 and 4. Sleep problems were reported for patients 1, 2, and 3. However, psychological disorders were regarded as causative and sleep duration increased after treatment with neuroleptics, antidepressants, or benzodiazepines, respectively. Patient 4 had no sleep problems, but suffered from chronic sinus headaches and mild chronic cough, which was occasionally productive. All other patients revealed no noteworthy infections before face transplantation.
Postoperatively, all patients had an unhindered nasal passage and were capable of nose breathing with closed mouth. The posttransplantation appearance of patients 1 through 4 is illustrated in Figures 5 through 8 . Tracheostomy tubes were no longer necessary in patients 2 and 4. Sleep difficulties did improve slightly in patient 1, although medication at a lower dosage was still necessary. After face transplantation, patients 2 and 4 suffered from chronic sinusitis, with recurrent fever episodes and need for antibiotic therapy. Physical examinations revealed an interference of the donor septum with the natural septum, leading to obstruction of the sinus. At that time point, mucus retention in the left maxillary sinus was clearly visible on the There is no more mucus in the left maxillary sinus because of recovery of mucus drain.) Patient 3 reported permanent headaches beginning 2 weeks after face transplantation. Imaging and examination revealed no conspicuities. Therefore, immunosuppressive and pain medications, both of which were prescribed after face transplantation, seemed to be causative for newly emerged symptoms. Respiratory tract infection or pneumonia was not noted in any patient.
Airway Volume
All four patients in this study experienced increased airway volume following transplantation (Fig. 9) . Patient 1 had the most significant airway recovery, with a 169 percent increase in volume. Patient 2 had an airway volume increase of 28 percent, with the transplant creating a nasal passage. Patient 3 experienced an airway volume increase of 21 percent and the creation of a nasal airway, with the donor nose eliminating the need for a prosthetic nose. Patient 4 experienced an increase in airway volume of 122 percent.
Donor Respiratory Mucosa
Both macroscopic photographs and transmission electron microscopic images showed viable respiratory mucosa at 2 and 48 months, respectively, after face transplantation (Figs. 10 and 11) . The glossy red appearance and punctual hemorrhage after contact proved tissue viability on macroscopic photographic analysis. On transmission electron microscopy, viable mucosal epithelial cells are identified by the presence of mucin secretory granules and luminal microvilli coated with flocculent mucin. Importantly, significant degenerative or inflammatory alterations were absent. 
DISCUSSION
This study demonstrates the clinical improvement of respiration and the objective increase in airway volume experienced by a series of four patients who underwent face transplantation. All patients were capable of sole nose breathing postoperatively, two of whom had been dependent on percutaneous tracheostomy before face transplantation. One patient received a donor nose, which replaced a prosthetic nose and created a nasal airway. Computed tomographic scan-assisted measurements revealed a statistically significant increase of airway volume in every patient after face transplantation.
Although there are no direct studies investigating airway improvements after face transplantation, other facial reconstructive procedures have shown beneficial effects on adequate respiration. Flores et al. performed midface distraction in patients with severe upper respiratory tract obstruction. After expansion of nasopharyngeal and velopharyngeal spaces, symptoms of obstructive sleep apnea improved in all patients. In addition, one of two previously required tracheostomy tubes was unnecessary postoperatively. 21 It is important to note that the study population suffered from syndromic craniosynostosis, which involves multiple causes for respiratory dysfunction. Therefore, clinical improvements despite an incurable syndrome are promising for otherwise healthy patients.
In our study, only one patient reported slight improvement of preexisting sleep problems after face transplantation. This is not surprising, as sleeping disorders were not associated with upper airway obstruction but rather were of psychological origin.
Both patients who required tracheostomy before face transplantation were decannulated successfully afterward. Harmful consequences of tracheostomy have been studied extensively. Permanent bacterial colonization is associated with tracheobronchitis and pneumonia. 22 Mechanical irritation provokes fistula formation into the esophagus and the innominate artery, leading to chronic aspiration, malnutrition, and bleeding. 23 Dysphagia is associated with tracheostomy as well. The tracheostomy tube may have an anchoring effect on the trachea by decreasing the elevation and anterior rotation of the larynx during swallowing. [24] [25] [26] Furthermore, absence of respiratory airflow through the upper airway causes atrophy of muscles involved in vocal fold activity and thus compromises proper closure of the larynx. 27 This leads to aspiration, which has life-threatening consequences, because of obstruction or pneumonia. In a study by Marchese et al., mean overall survival was 49 months in patients requiring home tracheostomy ventilation. 28 Akenroye and Osukoya observed a significant impact on social life because of permanent tracheostomy after iatrogenic bilateral laryngeal nerve paralysis. 29 Respiratory tract infections, pneumonia, and fistula formation were not observable in our study population. However, the duration of tracheostomy dependency was 26 and 27 months and thus potentially too short to present with harmful consequences. Furthermore, with the exception of substantial loss of facial anatomy, our patients demonstrated no life-threatening diseases. Our patients demonstrated diminished participation in social activities at least partially because of dependency on and appearance of tracheostomy. Therefore, decannulation after restoration of the upper airway improved quality of life in our patients and potentially prevented lethal complications.
Interestingly, the incidence of sinusitis increased in two patients after face transplantation. In these two patients, donor nasal septum interfered with the residual septum of the recipient, leading to mechanical obstruction of the sinus. Indeed, more care should be taken to avoid iatrogenic obstruction during face transplantation, but in this case, it provided clinically viable and functioning respiratory epithelium. The retention of physiologic secretion and subsequent sinusitis were attributed to mechanically hindered drainage. Consequently, symptoms improved significantly after surgical correction. These findings were substantiated by macroscopic photographs showing tissue viability by glossy red mucosa and contact hemorrhage. In addition, postoperative transmission electron microscopy of the nasal mucosa demonstrated functional mucosal epithelial cells containing mucin secretory granules and microvilli coated with flocculent mucin in the absence of inflammation.
There are several limitations to our study. Although the use of Dolphin Imaging software to analyze airway volumes was generally reliable, it is possible that differences in quality between the computed tomographic scans could produce some variations in the airway volume data. To minimize these differences, we matched computed tomographic scans based on the slice thickness to ensure comparable scans for each patient, before and after transplantation. The choice of the hyoid bone anteriorly and superior cervical vertebra 4 posteriorly was made, as it allowed us to reliably repeat the measurements on different computed tomographic scans. However, other studies that investigate airway volumes choose other landmarks, which makes intrastudy comparisons more difficult. [30] [31] [32] [33] One particular limitation is that there is sinus fluid on the postoperative computed tomographic scan of patient 4, decreasing the calculated volume from the volume there would have been had the scan showed a clear sinus. However, the overall air volume was still increased in patient 4, and the sinus did not represent functional air space and thus was not included in the final airway volume.
Although this study shows clear quantitative improvement of these patients' airway volumes, nasal breathing, and viable respiratory mucosa, there is limited information regarding both objectively improved breathing parameters and immunologic consequences. Future studies regarding the improvement in airway function after face transplantation will focus on functional recovery of airway, including cilia function and airway clearance of foreign substances.
CONCLUSIONS
Face transplantation was successful at restoring the upper airway in these four patients. Unhindered nose breathing, viable respiratory mucosa, and significant increase of airway volume eliminated the need for tracheostomy tubes. 
